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Abstract. The top quark is the most recently discovered quark. Relatively little is known about its proper- 
ties so far. Due to its very large mass of about 175 GeV/c 2 , the top quark behaves differently from all other 
quarks and provides a unique environment for tests of the Standard Model. Furthermore, it is believed to 
yield sensitivity to physics beyond the Standard Model. This report discusses the latest measurements and 
studies of top quark properties and rare decays from the Tevatron in Run II. 
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1 Introduction 

The top quark discovery in 1995 by the experiments CDF 
and D0 [l] defines the start of the exciting era of top quark 
physics at the Tevatron. After very successful upgrades 
of the pp collider Tevatron for higher beam energy and 
luminosity and of both experiments for faster readout and 
trigger electronics, better tracking and muon detection, 
data taking in Run II started in the year 2001. Since then, 
the Tevatron provided more than 1 fb _1 of pp collision 
data at ^/s — 1.96 TeV to each experiment. At present, 
up to 370 pb -1 have been analyzed in top quark studies. 

Top quark physics at the Tevatron can be divided into 
the following categories: 1) top quark production, 2) fun- 
damental properties of the top quark, 3) top quark inter- 
actions to gauge bosons, 4) anomalous top quark produc- 
tion, 5) anomalous top quark decays, and 6) new physics 
in events with ti topology. 

The first category, the top quark production, is studied 
via the measurements of the strong ti production cross sec- 
tion and the search for the electroweak single-top produc- 
tion, in the Standard Model (SM) expected to be around 
7 pb and w 3 pb, respectively. Measurements of the ti 
production cross section have been performed in many 
different top quark decay modes. The results are found to 
be consistent between the two experiments, all channels 
and with the Standard Model (SM) expectation within a 
combined precision of w 14% [2] . The corresponding data 
sets, quantitatively understood in terms of selection effi- 
ciency and signal and background contribution form the 
basis of all studies of properties and rare decays of the top 
quark. Single-top production is expected to be observed 
with 1 - 2 fb" 1 of data 0. 

The other categories are discussed in turn in this doc- 
ument in Sections |21 to EJ All limits are quoted at the 95% 
CL unless noted otherwise. 



In the SM, assuming unitarity of the three-generation 
CKM matrix, the matrix element \Vtb\ is found to be es- 
sentially unity. Therefore, the top quark is expected to 
decay to a VF-boson and a &-quark nearly 100% of the 
time. The VF-boson subsequently decays either to a pair 
of quarks or a lepton-neutrino pair. Depending on the lep- 
ton or hadronic decay of the two W-bosons, the resulting 
event topologies of ti decays are classified as all-jets chan- 
nel (46.2%), lepton+jets (£+jets) channel (43.5%), and 
dilepton {££) channel (10.3%). Each decay topology con- 
tains at least two 6-jets. While £ in the above classification 
refers to e, [a, or r, most of the results to date rely on the e 
and fj, channels. Therefore, in what follows, £ will be used 
to refer to e or fi, unless noted otherwise. 



2 Top Quark Interactions to Gauge Bosons 
2.1 Spin Correlation 

D0 has searched for evidence of spin correlation of ti pairs 
[5] . The t and i are expected to be unpolarized but to be 
correlated in their spins. Since top quarks decay before 
hadronizing, their spins at production are transmitted to 
their decay daughter particles. Spin correlation is studied 
by analyzing the joint decay angular distribution of one t 
daughter and one i daughter. The sensitivity to top spin 
is greatest when the daughters are down-type fermions 
(charged leptons or d-type quarks), in which case, the joint 
distribution is 
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where 9 + and are the angles of the daughters in the 
top rest frames with respect to a particular spin quantiza- 
tion axis, the optimal choice being the off-diagonal basis. 
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Table 1. Measurements and lower limits of R — B(t 
Wb)/B(t -> Wq) and \V tb \ from CDF and D0. 



R or \V tt 



Source 



J £dt (pb -1 ) 



R = 1.12t° % 


CDF Run II |S] 


160 


R > 0.61 


CDF Run II 


160 


R = 1.03tgi? 


D0 Run II 


230 


R > 0.64 


D0 Run II 


230 


\V a \ > 0.78 


CDF Run II |5] 


160 


\V tb \ > 0.80 


D0 Run II 


230 



In this basis, the SM predicts maximum correlation with 
k = 0.88 at the Tevatron. In Run I, D0 analyzed six 
dilepton events and obtained a likelihood as a function of 
k, which weakly favored the SM (n = 0.88) over no cor- 
relation (k = 0) or anti-correlation (k = —1, as would 
be expected for it produced via an intermediate scalar). 
D0 quotes a limit k > -0.25 at 68% CL. With improved 
statistics in the ongoing Run II analyses, an observation 
of it spin correlation would support that the top quark 
decays before hadronization and allow further test of the 
QCD production mechanism. 



4 

_i 

- 3 

2 

1 


1 





- 1 1 








0.5 















V CDF II 


0.5 1 1.5 2 2.5 R 

R-1.12tJ£^/ 








0.5 




1 


1.5 



95% CL. 

□ 90% CL. 

□ 68% CL. 



R 




R 



Fig. 1. Top: CDF likelihood as a function of R (inset) and its 
negative logarithm. Bottom: Confidence level bands for Rtrue 
as a function of R. The measurements of R — 1.12 (vertical 
line) implies R > 0.61 (horizontal line). 



2.2 Measurement of B{t Wb)/B{t -> Wq) 

CDF and D0 report direct measurements of the t — > Wb 
branching ratio [S1E|. Comparing the number of events 
with 0, 1 and 2 tagged b jets in the lepton+jets chan- 
nel, and for CDF also in the dilepton channel, and us- 
ing the known 6-tagging efficiency, the ratio R = B(t — > 
wb )/Y, q =d,s,b B ( t ->■ w l) can be extracted (Figured). 
D0 performs a simultaneous fit for the production cross 
section a t i and the ratio R. A deviation of R from unity 
would imply either non-SM top decay, a non-SM back- 
ground to it production, or a fourth generation of quarks. 
Assuming that all top decays have a W boson in the final 
state, that only three generations of fermions exist, and 
that the CKM matrix is unitary, CDF and D0 also ex- 
tract the CKM matrix-element \Vtb\- The results of these 
measurements are summarized in Tabled The top quark 
decay to Wb is indeed found to be dominant, although 
these studies are presently limited by statistics and will 
profit from the upcoming larger data sets. 

A more direct measurement of the Wtb coupling con- 
stant will be possible when enough data are accumulated 
to detect the s-channel and ^-channel single-top produc- 
tion processes 0. The cross sections for these processes 
are proportional to |Vth| 2 , and no assumption is needed 
on the number of families or on the unitarity of the CKM 
matrix in extracting \ Vtb\- 

2.3 Study of B(t —>■ rvq) 

The SM's heavy third generation particles, the top and 
bottom quarks, the tau and the tau neutrino are intrigu- 
ing. The high energies required to produce the third gen- 
eration particles, particularly in the case of the top quark, 



have resulted in the particles being the least studied in the 
SM. Current measurements leave room for new physics in 
the interactions and decays of these particles. The high 
masses of the particles give rise to the hope that studying 
them could help shed light on the origin of fermion masses. 
CDF measures the rate of top-antitop events with a semi- 
leptonically decaying tau in it — > erbbvv and it — > firbbiyiy 
events in 200 pb _1 of Run II data JB]. Semi-leptonic tau 
decays account for 64% of all tau decays. This analysis 
does not include taus decaying to electrons or muons be- 
cause their leptonic tau decays are difficult to differen- 
tiate from prompt leptons. CDF compares the observed 
with the predicted rate as a test of the SM. Many exten- 
sions to the SM predict identical final states which could 
lead to an anomalous rate. For example the charged Higgs 
decay from it, ti -> ^Wbb, H ± -> t^u t . This anal- 
ysis is a search for any such anomalous processes that 
could show up in the final state as an enhanced (or sup- 
pressed) rate for tau leptons in top decays. The ratio 
r T = B(t — > brv)/ Bsu{t — > brv) is found to be r r < 5.0 
and therefore consistent with the SM. 



2.4 Measurement of the Helicity of the W-Boson in 
Top Quark Decays 

Studies of decay angular distributions provide a direct 
check of the V-A nature of the Wtb coupling and informa- 
tion on the relative coupling of longitudinal and transverse 
W bosons to the top quark. In the SM, the fraction of de- 
cays to longitudinally polarized W bosons is expected to 
be ^ SM = x/(l + x), x = m 2 t /2M$ v (^| M - 70% for 
m t = 175 GeV/c 2 ). Fractions of left- or right-handed W 
bosons are denoted as T~ and T+, respectively. In the 
SM, T- is expected to be « 30% and T+ w 0%. CDF 
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Table 2. Measurement and upper limits of the W helicity in 
top quark decays from CDF and D0. The integrated luminos- 
ity J £dt is given in units of (pb _1 ). 



W helicity 


Source 


f£dt 


Method 


To = 0.91 ± 0.39 
To = 0.56 ± 0.32 
To = 0.74t°;g 


CDF Run I 
D0 Run I dm 
CDF Run II [TT] 


106 
125 
200 


Pt 
ME 

Mf b +p T 


T+ < 0.18 
T+ < 0.27 
T+ < 0.25 


CDF Run I E2 
CDF Run II |TT] 
D0 Run II [T5] 


110 
200 

230-370 


Mg+p e T 
Mf b +p T 
cos 0*+p T 




-•- D0 data 
I I tt-> l+jets (V-A) 
- - - tt-> l+jets (V+A) 
I ~| background 



i i_ ■ ■ 



0.5 

COS0* 

Fig. 2. cos#* distribution observed in the D0 data along with 
the SM prediction (solid line) and a model with a pure V+A 
interaction (dashed line) for the 6-tagged lepton+jets sample. 



and D0 use various techniques to measure the helicity of 
the W boson in top quark decays in lepton+jets events. 
The first method uses a kinematic fit, similar to that used 
in the lepton+jets mass analyses [J], but with the top 
quark mass constrained to 175 GeV/c 2 , to improve the 
reconstruction of final state observables and choose the 
assignment to quarks and leptons as that with the lowest 
X 2 - The distribution of the helicity angle (cos 9* ) between 
the lepton and the b quark in the W rest frame, provides 
the most direct measure of the W helicity (Figure [SJ. The 
second method (pj.) uses the different lepton px spectra 
from longitudinally or transversely polarized IF-decays 
to determine the relative contributions. This method is 
also used by both experiments in the dilepton channel. A 
third method uses the invariant mass of the lepton and 
the &-quark in top decays (Mf b ) as an observable, which 
is directly related to cos 9*. Finally, the Matrix Element 
method (ME), initially developed for the top quark mass 
measurement, has also been used, forming a 2-dimensional 
likelihood C(m top , To), where the mass-dependence is in- 
tegrated out so that only the sensitivity to the VF-helicity 
in the top quark decay is exploited. The results of all CDF 
and D0 analyses, summarized in Table|2 are in agreement 
with the SM expectation, but within large statistical un- 
certainties. 



2.5 Search for Top Quark Decay via FCNC Couplings 

Physics beyond the SM can manifest itself by altering the 
expected rate of flavor-changing neutral-current (FCNC) 
interactions. FCNC decays of the top quark are of partic- 
ular interest. The large mass of the top quark suggests a 
strong connection with the electroweak symmetry break- 
ing sector. Evidence for unusual decays of the top quark 
might provide insights into that mechanism. For the top 
quark, the FCNC decays t — ► qZ and t — ► qj (where q 
denotes either a c- or a it-quark) are expected to be ex- 
ceedingly rare (branching fractions of 10~ 10 or smaller), 
since they are suppressed by the GIM mechanism and any 
observation of these decays in the available data sample 
would indicate new physics. In general, FCNC interac- 
tions are present in models which contain an extended 
Higgs sector, Supersymmety, dynamical breaking of the 
electroweak symmetry, or an additional symmetry. 

CDF reported a search for flavor changing neutral cur- 
rent (FCNC) decays of the top quark t — > 57 and t — > qZ 
in the Run I data (T3|. CDF assumes that one top de- 
cays via FCNC while the other decays via Wb. For the 
t — ► search, two signatures are examined, depending 
on whether the W decays leptonically or hadronically. For 
leptonic W decay, the signature is 7^ and missing Et and 
two or more jets, while for hadronic W decay, it is 7+ > 4 
jets. In either case, one of the jets must have a secondary 
vertex b tag. One event is observed (/X7) with an expected 
background of less than half an event, giving an upper 
limit on the top branching ratio of B(t — > qj) < 3.2%. 
In the search for t — > qZ, CDF considers Z — ► fifi or 
ee and W — > qq' , giving a Z + four jets signature. One 
H/i event is observed with an expected background of 1.2 
events, giving an upper limit on the top branching ra- 
tio of B(t — > qZ) < 0.33. These limits on top quark de- 
cay branching ratios can be translated into limits on the 
flavor-changing neutral current couplings k 7 < 0.42 and 
k z < 0.73. With 2 ib -1 , CDF and D0 are expected to im- 
prove their sensitivity to k 7 and to kz significantly with 
the increased Run II data set. 



3 Fundamental Properties of the Top Quark 

3.1 Top Quark Mass 

The Tevatron Electroweak Working Group has recently 
combined all available direct measurements of the top 
quark mass yielding a new world average of m t0 p = 172.7+ 
2.9 GeV/c 2 [4lfro] . The ultimate precision from the Teva- 
tron on the top mass measurement is expected to be better 
than 2.0 GeV/c 2 per experiment. 

3.2 Electric Charge of the Top Quark 

The top quark is the only quark whose electric charge 
has not been measured through a production threshold 
in e + e~ collisions. Since the CDF and D0 analyses on 
top quark production do not associate the b, b and 
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uniquely to the top or antitop, decays such as t — > W + b, 
i — > W~b are certainly conceivable. A charge 4/3 quark 
of this kind would be consistent with current clectrowcak 
precision data. The Z — > £ + £~ and Z — > bb data can 
be fitted with a top quark of mass m t = 270 GeV/c 2 , 
provided that the right-handed b quark mixes with the 
isospin +1/2 component of an exotic doublet of charge 
-1/3 and -4/3 quarks, {Qx,Q 4 )r. CDF and D0 study 
the top quark charge in double-tagged lepton+jets events. 
Assuming the top and antitop quarks have equal but op- 
posite electric charge, then reconstructing the charge of 
the 6-quark through jet charge discrimination techniques, 
the \Qto P \ =4/3 and \Qt op \ = 2/3 scenarios can be differ- 
entiated. CDF and D0 both have already collected suffi- 
cient data to obtain sensitivity to the \Qto P \ — 4/3 case. 
The analyses are ongoing, results are expected to be made 
public soon. 

4 Anomalous Top Quark Production 

4.1 Cross Section Ratio er«/ 'ae+jets 

It is a priori not obvious, that the 'top quark', observed 
in the dilepton decay mode is identical to the 'top quark' 
in the lepton+jets decay mode. If both decay modes re- 
sult exclusively from the decay of the SM top quark, they 
should have the same production cross section. If the pro- 
duction or the decay of the top quarks had non-SM con- 
tributions, one mode might be enhanced with respect to 
the other. 

CDF has measured the cross section ratio 
R<j = &u/&i+jets of the tt production cross section in 
the dilepton and the lepton+jets channels in 125 pb _1 
of Run II data. CDF finds R a = 1.45±gJ| and R a > 
0.46 (< 4.45), consistent with the SM. This result is also 
translated into generic top decay branching ratio limits. 
The considered cases are a fully hadronic decay t — > Xb, 
where Br(X — > qq) = 100% or a fully leptonic decay, i.e. 
t -> Yb, where Br(Y -> qq) = 100%. The limits on R a 
translate into limits on the fully hadronic or the fully lep- 
tonic decay of the top quark as Br(t — > Xb) < 0.46 and 
Br{t -> Yb) < 0.47. 

4.2 Anomalous Kinematics in tt Events 

CDF reports a search for anomalous kinematics of tt dilep- 
ton events in 193 pb _1 |17j . A new a priori technique has 
been developed, designed to isolate the subset of events in 
a data sample which reveals the largest deviation from SM 
expectation and to quantify the significance of this depar- 
ture. Four variables are considered: the missing transverse 
energy, the transverse momentum of the leading lep- 
ton pj,, the angle (j>t m between the leading lepton and the 
direction of J£t in the plane transverse to the beam, and 
a variable T, representing how well the kinematics of an 
event satisfy the tt decay hypothesis based on the expected 
and observed fix vector. This method is especially sensi- 
tive to data subsets that preferentially populate regions 



where new high-py physics can be expected. No such sub- 
set is found. Although the lepton pt distribution exhibits 
a mild excess at low pr, CDF determines the level of con- 
sistency of the tt dilepton sample with the SM expectation 
and finds a p- value of 1.0 — 4.5%, showing good agreement 
with the SM. 

This type of search for anomalous kinematics is presently 
statistics limited and will improve with larger data sets. 



4.3 Top Production via Intermediate Resonances 

Motivated by the large mass of the top quark, several 
models suggest that the top quark plays a role in the dy- 
namics of electroweak symmetry breaking. One example 
is topcolor, where a large top quark mass can be gener- 
ated through the formation of a dynamic tt condensate, 
X, which is formed by a new strong gauge force coupling 
preferentially to the third generation. Another example 
is topcolor-assisted technicolor, predicting a heavy Z' bo- 
son that couples preferentially to the third generation of 
quarks with cross sections expected to be visible at the 
Tevatron. CDF and D0 have searched for tt production 
via intermediate, narrow-width, heavy vector bosons X in 
the lepton+jets channels. The t and i final states are iden- 
tified through a kinematic fit. The possible tt production 
via an intermediate resonance X is sought for as a peak in 
the spectrum of the invariant tt mass. CDF and D0 ex- 
clude narrow width heavy vector bosons X |18j with mass 
M x < 480 GeV/c 2 and M x < 560 GeV/c 2 ', respectively, 
in Run I and M x < 680 GeV/c 2 in D0 Run II gOJ. 



5 Anomalous Top Quark Decays 

5.1 Search for Charged Higgs Boson in tt Decays 

Both CDF and D0 have searched for non-SM top de- 
cays, particularly those expected in supersymmetric mod- 
els, such as f -> H + b, followed by H + — ► t + V or cs. 
The t — > H + b branching ratio has a minimum at tan /3 — 
yj mt/rrib — 6, and is large in the region of either tan (3 <C 6 
or tan/3 3> 6. In the former range, H + — > cs is dominant, 
while H + — ► t + v dominates in the latter range. These 
studies are based either on direct searches for these final 
states, or on top "disappearance". In the standard lep- 
ton+jets or dilepton cross section analyses, any charged 
Higgs decays are not detected as efficiently as t — ► W^b, 
primarily because the selection criteria are optimized for 
the standard decays, and because of the absence of ener- 
getic isolated leptons in Higgs decays. A significant t — ► 
H + b contribution would give rise to measured tt cross sec- 
tions lower than the SM prediction (assuming that non- 
SM contributions to tt production are negligible). 

In Run II, CDF has searched for charged Higgs pro- 
duction in dilepton, lepton+jets and lepton+hadronic tau 
final states, considering possible H + decays to cs, tP, 
t*b or W + h° in addition to the SM decay t -> W + b 
|21| . Depending on the top and Higgs decay branching 
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ratios, which are scanned in a particular 2-Higgs Dou- 
blet benchmark Model, the number of expected events in 
these decay channels can show an excess or deficit when 
compared to SM expectations. A model- independent in- 
terpretation, yields a limit of B(t — > iJ ± 6) < 0.91 for 
80 GeV < m H ± < 160 GeV. Stronger limits are set as- 
suming specific H + decay scenarios (see Figure [3J| . 



6 New Physics in Events with tt Topology 

6.1 Search for a Fourth Generation F Quark 

Recent theoretical developments, such a Little Higgs Mod- 
els, 2-Higgs Doublet scenarios, N = 2 SUSY models, or 
the "beautiful mirror" model \Ijg\, hypothesize the exis- 
tence of a heavy F. Assuming that such a new heavy F 
quark is pair-produced strongly, has mass greater than 
the top quark, and decays promptly to Wq final states, 
the final state event topology is very similar to that of ti 
events, except that the distribution of the total transverse 
energy Ht would tend to larger values. 

CDF has performed a search for such a heavy F quark 
in the lepton+jets channel using 200 pb -1 of Run II data 
|22~] . The observed Ht distribution is compared to a com- 
bination of SM background and ti signal, the latter with 
floating normalization, plus a possible FF signal using a 
maximum likelihood fit, allowing to set upper cross sec- 
tion limits for F production as a function of the F mass. 
In comparison to the expected QCD FF production cross 
section, these results are translated into F mass limits, 
ruling out a F with mass greater than about 175 GeV/c 2 , 
if the true top mass is about the same value. For a smaller 
top mass the excluded F mass is lower, and vice versa for 
higher masses. The CDF limit on the F production will 
steadily improve with more data in Run II. 



7 Summary 

After the top quark discovery in Run I and the re-esta- 
blishment of the top quark signal with the upgraded detec- 
tors and improved analysis techniques in the early Run II, 



top quark physics at the Tevatron has now entered the 
stage of detailed studies of the top quark properties. A 
wealth of results on top quark properties in the SM as 
well as searches for new top quark couplings and decays 
are becoming available. This development is expected to 
even accelerate with > 1 fb _1 of data being available to 
both, CDF and D0, very soon. 
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